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The relation between pseudogap (PG) and superconducting (SC) gap, whether PG
is a precursor of SC or they coexist or compete, is a long-standing controversy in
cuprate high-temperature supercondutors. Here, we report ultrafast time-resolved
optical reflectivity investigation of the dynamic densities and relaxations of PG and
SC quasiparticles (QPs) in the underdoped Bi2Sr2CaCu2O8+δ (Tc = 82 K) single crystals.
We find evidence of two distinct PG components in the positive reflectivity changes in
the PG state, characterized by relaxation timescales of τfast ≈ 0.2 ps and τslow ≈ 2 ps
with abrupt changes in both amplitudes Afast and Aslow at the PG-opening temperature
T ∗. The former presents no obvious change at Tc and coexists with the SC QP. The
latter’s amplitude starts decreasing at the SC phase fluctuation Tp and vanishes at Tc
followed by a negative amplitude signifying the emergence of the SC QP, therefore
suggesting a competition with superconductivity.
INTRODUCTION
It is well-known that hole-doped cuprate high-Tc su-
perconductors (HTSCs) exhibit an unusual normal state
that is characterized by the opening of the pseudogap
(PG) in the electronic density of states (DOS), at a tem-
perature T ∗ well above the superconducting (SC) tran-
sition temperature Tc [1–4]. The PG affects electronic
structures by obliterating the antinodal regions of the
Fermi surface near the Brillouin zone edge, leaving only
“Fermi arcs” around the nodes [5, 6]. The properties of
the PG and its relation with SC gap are important in
cuprate high-temperature superconductors. One of the
central puzzles in cuprate HTSCs lies on whether PG
acts as a precursor to the SC gap pairing (known as
“one-gap” picture) [7–9] or originates from other inde-
pendent/competing orders (known as “two-gap” picture)
[10–14]. Recent scanning tunneling microscopy (STM)
and resonant elastic X-ray scattering (REXS) experi-
ments have suggested that charge ordering is responsible
for the PG opening and competes with superconductivity
[15, 16]. Competition between PG and SC order param-
eters is further confirmed by angle-resolved photoemis-
sion spectroscopy (ARPES), in which a singularity in the
spectral weight has been observed at Tc at the antinode
[17, 18].
In time-resolved optical reflectivity measurements, a
first femtosecond (fs) laser pulse pumps the system into
a non-equilibrium state, subsequently a relatively weaker
laser pulse is implemented to probe the reflectivity
change ∆R/R, which is used to infer the intrinsic charge
dynamics, based on the relation ∆R = (∂R/∂n)npe
when the photoexcited quasiparticle (QP) density (npe)
is small compared to the thermally excited one[19]. By
varying the pump-probe delay, the relaxation process in
time-domain is obtained. In HTSC and charge density
wave (CDW) systems, the relaxation process is bottle-
necked by the presence of the charge gaps when the pho-
toexcited QPs relax to states near the Fermi level. Subse-
quently, the photoexcited QPs recombine by the emission
and reabsorption of bosons with energy greater than 2∆
[19–33]. Therefore this method allows to directly dis-
tinguish the gap character by tracking relaxation pro-
cesses. One outstanding example is that the PG and
SC QPs in cuprate superconductors have been found to
separately relax on different timescales and coexist be-
low Tc, forming two-component exponential relaxations
in ∆R/R curves below Tc and single-component exponen-
tial relaxation above Tc [22, 24, 34–37]. However, com-
prehensive ultrafast study of the competition between
PG and SC QP dynamics is still lacking.
In this paper, we use ultrafast time-resolved optical
reflectivity to investigate the QP dynamics in both the
PG and SC states of the underdoped Bi2Sr2CaCu2O8+δ
2(UD-Bi2212, Tc = 82 K, T
∗ ≈ 180 K) single crystals.
The PG state consists of two PG components: a fast
one with τfast ≈ 0.2 ps and a slow one with τslow ≈ 2
ps, corresponding to two types of PG QPs, giving rise
to two-component exponential relaxations in the tran-
sient reflectivity changes ∆R/R above Tc. Both the fast
and slow PG QPs show abrupt changes around T ∗. The
fast PG QP presents no obvious changes in its amplitude
Afast and relaxation τfast at Tc, and coexists with the
SC QP. On the other hand, the amplitude Aslow of the
slow PG QP significantly drops below the SC phase fluc-
tuation temperature Tp, and then vanishes at Tc followed
by a reversed sign in ∆R/R signifying the emergence of
the SC QP. A sharp divergence in τslow is obviously ev-
idenced at Tc, confirming the competition between the
slow PG and the SC dynamics. Further analysis by us-
ing the Rothwarf-Taylor model indicate that the fast PG
QP is well fitted by a T -independent gap, while the slow
PG QP is better fitted by a T -dependent BCS-like gap,
suggesting a charge order nature that competes with su-
perconductivity. Our fittings yield a SC gap ∆SC(0) =
17 ± 1 meV and two PG gaps ∆PGfast = 48 ± 2 meV
and ∆PGslow(0) = 116 ± 17 meV, consistent with the
SC gap nearby the node, the antinodal PG and the high-
energy hump feature at the antinode, respectively. Our
studies indicate that time-resolved technique is an effec-
tive way of tracking the PG and SC QPs, and unveil their
relations in cuprate HTSCs.
RESULTS
Our ultrafast time-resolved optical reflectivity mea-
surements were carried out on single crystals of UD-
Bi2212 using optical pulses with temporal duration of
35 fs and centre wavelength of 800 nm, produced by a
regeneratively amplified Ti:sapphire laser system operat-
ing at a repetition rate of 1 kHz, as described in [38, 39].
The pump and probe pulses were focused onto the sam-
ple at near-normal incidence with spot diameters of ∼
0.4 mm and ∼ 0.2 mm, respectively, which ensured an
excellent pump-probe overlap. With the pump beam
modulated by a mechanical chopper, the reflected probe
signal was focused onto a Si-based detector which was
connected to a lock-in amplifier, where the photoinduced
changes in reflectivity ∆R/R were recorded. The time
evolution of the pump-induced changes in the probe re-
flectivity (∆R/R) were measured by scanning the delay
time between pump and probe pulses, using a motor-
ized delayline. To perform the temperature-dependent
measurements, the sample was mounted on a cryostat
with a temperature sensor embedded close by, allowing
a precise control of temperature in the range of 5−325
K. The pump fluence (F ) was tunable between 12 and
300 µJ/cm2 by using neutral density filters. The probe
fluence of 4 µJ/cm2 was chosen to minimize any probe-
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FIG. 1: Photoinduced melting of the SC phase. (a)
Time-resolved reflectivity changes ∆R/R measured at 20 K,
with pump fluence in the range from 12 to 300 µJ/cm2. The
dashed and solid black curves are single-component and two-
component exponential fits, respectively. Fluence-dependent
amplitudes (b) and relaxations (c) of QP dynamics are ex-
tracted from (a) using two-component exponential fits. The
error bars are obtained from fittings. The black arrow marks
the critical fluence Fc where the photoinduced melting of the
SC phase occurs and the slow decay emerges. Inset: Zoom-in
view of the slow relaxation in 180 µJ/cm2 with nondivergent
τslow (2 ps, red solid curve) and divergent τslow (10.3 ps, black
solid curve), respectively.
induced perturbation of the system.
Figure 1 shows reflectivity changes as a function of
pump fluence F at 20 K. In our cases the pump and
probe polarizations were both along the a-axis of the
sample crystal, in order to separate the PG and SC dy-
namics with different signs and timescales as observed in
[35]. The ∆R/R curves below Fc (≈ 160 µJ/cm
2) obvi-
ously consist of a fast relaxation with positive amplitude
and a slow relaxation with negative amplitude, corre-
sponding to the fast PG QP and SC QP respectively, in
good agreement with previous studies [35, 36]. Above
Fc the slow component presents a positive sign following
the disappearance of the negative relaxation. Therefore,
it is reasonable to use a two-component exponential func-
tion to describe all the relaxation processes: ∆R/R(t) =
Afastexp(−t/τfast) + Aslowexp(−t/τslow) + A0, where
Afast(τfast) and Aslow(τslow) represent the amplitudes
(relaxations) of the fast and slow components respec-
tively, and A0 describes much far slower equilibration
processes out of the period of the measurement, such as
heat diffusion. As shown in figures 1(b) and (c), Afast
is linearly proportional to F , and τfast is constant at ∼
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FIG. 2: Temperature-dependent reflectivity changes
of UD-Bi2212 (Tc = 82 K). (a) False-color image show-
ing ∆R/R as a function of time delay and temperature for
an underdoped Bi2212 sample with Tc = 82 K and T
∗
≈
180 K (white dashed lines). (b) Time-resolved reflectivity
changes ∆R/R measured at 30 µJ/cm2 over a range of tem-
peratures. The inset depicts the evolution of the fast decay
around T ∗. The horizontal dashed lines are used to high-
light the slow decay feature above Tc. (c)-(e) Representative
curves of the reflectivity changes (open circles) at tempera-
tures 200, 150 and 50 K, with single-component (dashed lines)
and two-component exponential fits (solid lines).
0.2 ps, suggesting that the fast PG is F -independent and
the bottleneck-mechanism is available for the relaxation
in our measurement regime. Aslow is more closely F -
dependent and consists of three regimes: (1) below 50
µJ/cm2, Aslow linearly increases with F ; (2) Aslow sat-
urates and decreases with F increasing from 50 µJ/cm2
to Fc; and (3) Aslow reverses to positive and linearly in-
creases with F above Fc.
To study the intrinsic dynamics of the PG and SC
QPs and their relations, and to make sure the bottleneck-
mechanism (constant relaxations) and the relation ∆R =
(∂R/∂n)npe available (weak photoexcitation), we carried
out temperature-dependent measurements at the pump
fluence 30 µJ/cm2, as shown in figure 2. The color
changes in figure 2(a) correspond to the variation of
QP densities across Tc and T
∗, marked by white dashed
lines. Obviously, a slow relaxation with positive ampli-
tude appears below T ∗, and changes to negative below
Tc. Time-dependent curves in figure 2(b) provides more
details that the data below Tc obviously consist of a pos-
itive Afast and a negative Aslow, and above Tc, Aslow
switches to positive, analogous to the curves above Fc
in figure 1(a). This scenarios again confirm that Aslow
with negative sign represents the SC QP dynamics, and
suggest that Aslow with positive sign above Tc refers to
the PG QP dynamics. In figures 2(c)-(e), we chose three
typical ∆R/R curves at 200, 150 and 50 K with two-
component exponential fits and as a comparison, we also
plot single-component exponential fits. Obviously, only
two-component exponential fits can reproduce all mea-
sured curves, while single-component exponential fits are
not able to match especially the slow relaxation.
In figure 3(a) we plot the relaxations τfast and τslow
as a function of temperature. τfast is found to be T -
independent without any obvious change around Tc, and
in contrast, τslow is T -dependent with a sharp divergence
nearby Tc. Figure 3(b) illustrates the relaxation pro-
cess of the photoexcited QPs at SC phase. After the
initial photoexcitation, fast electron-electron thermaliza-
tion and avalanche energy relaxation last only few tens
of femtoseconds [25, 32, 33], giving rise to a unresolv-
able sharp rising edge in ∆R/R because it is comparable
to the laser pulse duration. As such photoexcited QPs
from high excited state far above the Fermi level relax
to the upside of the PG and SC gap edges with a re-
laxation bottleneck. Then the photoexcited PG and SC
QPs recombine through interaction with high-frequency
bosons in the equilibration process, corresponding to the
two-component exponential relaxations in our case.
DISCUSSION
For the superconducting phase transition or, more gen-
erally, any kind of symmetry-breaking transition, the
opening of a gap in the electronic density of states (DOS)
close to the Fermi level introduces additional phase-space
constraints for the scattering processes, which typically
results in a bottleneck effect in the relaxation dynam-
ics. For an electron-boson coupling system, the recom-
bination of the photoexcited SC QP as a function of
temperature, can be described by the Rothwarf-Taylor
model phenomenologically [40], in which bosons with en-
ergy higher than 2∆ dominate the recombination pro-
cess. When T approaches Tc, the gap closes and more
low-energy bosons are involved for the relaxation pro-
cesses, resulting in a divergence nearby Tc, which can be
simply described to be proportional the inverse of the
gap as τ(T ) ∝ 1/∆(T ) [21]. Figure 3(a) shows a fit to
τslow in the vicinity of Tc using a BCS-like T -dependent
gap ∆(T ) = ∆(0)
√
1− T/Tc, where ∆(0) is the gap at
0 K. It has already been found that the divergence of
SC/CDW QPs relaxation nearby Tc is a universal fea-
ture in cuprates [19, 21–26, 35], pnictides [28–30] and
CDW systems [26, 27, 31].
Using the same model, the T dependence of the SC
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component Aslow in figure 4, can be simulated as [21]
|A(T )| ∝ npe =
ǫI/(∆(T ) + kBT/2)
1 +B
√
2kBT
pi∆(T )exp(−∆(T )/kBT )
(1)
where ǫI is the pump laser intensity per unit cell, B =
2ν/N(0)~Ωc is the parameter determined by ν the num-
ber of boson modes per unit cell, in which N(0) is the
density of states at the Fermi level and Ωc is the bo-
son cutoff frequency. ∆(T ) is a BCS-like gap which is
proven to be applicable in time-resolved optical reflec-
tivity from underdoped to overdoped cuprates [20–25].
From the analysis above, we obtain ∆SC(0) = 17 ± 1
meV, in good agreement with the values by two-color
pump-probe spectroscopy [24], scanning tunneling mi-
croscopy/spectroscopy (STM/STS) [41] and SC gap in
the nodal region by ARPES[10, 12, 17, 18].
For the case of the fast PG, which is T -independent,
then the relaxation amplitude Afast is given by [21]
|A(T )| ∝ npe =
ǫI/∆PG
1 +Bexp(−∆PG/kBT )
(2)
The fitting by (2), as shown in figure 4, presents a
good agreement with the fast PG component, yielding
∆PGfast = 48 ± 2 meV, corresponding to the antinodal
pseudogap as observed by ARPES [11, 12].
The slow PG component Aslow around T
∗ obviously
can not be reproduced by (2) with a T -independent gap,
as depicted by the green curves in figure 4. Rather than
that Aslow below T
∗ can be well fitted by (1) with a
BCS-like gap, yielding a fitted value ∆PGslow(0) = 116
± 17 meV. Aslow between Tc and T
∗ is closely depen-
dent on temperature: it first arises at T ∗, suggesting its
PG nature; then it starts to decrease sharply at Tp =
110 K, consistent with the SC phase fluctuation temper-
ature well observed by time-resolved ARPES [42]; finally,
it is completely suppressed to zero nearby Tc and upon
further cooling turns to a reversed sign which is an in-
dication of the SC QP, accompanied by a divergence in
τslow as observed in figure 3(a).
As for the origin of the slow relaxation between Tc and
T ∗, we can exclude any in-gap or impurity-induced inter-
mediate states that affect and extend the relaxation pro-
cess, because of its F - and T -dependent behaviors. The
fitted value ∆PGslow(0) = 116 ± 17 meV, is consistent
with the high-energy hump feature at the antinode that
is strongly affected by the PG [18]. Then the decrease
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FIG. 4: Temperature evolution of the amplitudes. The
amplitudes Afast (red circles) and Aslow (blue squares) as
a function of temperature, extracted from figure 2 by two-
component exponential fits. The error bars are obtained from
the fits. The black curve is fitted by (1) with a BCS-like T -
dependent gap, while the green curves are fits by (2) with a
T -independent gap.
of Aslow with temperature decrease around Tc might be
linked to the suppression of the antinodal spectral weight
of the PG order which competes with the SC order [18].
CONCLUSION
Both Afast and Aslow present an increase with temper-
ature decrease around T ∗ (figure 4), indicating the emer-
gence of two types of PG QPs: a fast and a slow one,
which can be described by the Rothwarf-Taylor model
with a T -independent gap and a BCS-like gap, respec-
tively. It is also worth to mention that both Afast and
Aslow remain observable above T
∗, which maybe related
to electron-boson coupling and PG fluctuation [43], in
contrast to a sharp drop to zero in Aslow nearby Tc.
These scenarios suggest the possible existence of PG fluc-
tuations above T ∗, analogous to the fluctuation of the
CDW order above the transition temperature in blue
bronze [26].
In summary, we have investigated the fluence- and
temperature-dependent dynamics of the PG and SC QPs
in UD-Bi2212 by ultrafast time-resolved optical reflectiv-
ity. Our results clearly indicate that two types of PG
QPs, the fast and slow PG QPs, coexist in the PG state.
The fast PG QP coexists with the SC QP on distinct
timescales below Tc. The slow PG QP is completely sup-
pressed at Tc and replaced by the SC QP with reversed
sign in the slow relaxation component, suggesting a com-
petition between them.
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